Abstract. Estuaries are especially vulnerable to the impacts of climate change because changes in climatic and hydrologic variables that influence freshwater and marine systems will also affect estuaries. We review potential impacts of climate change on Australian estuaries and their fish. Geographic differences are likely because southern Australian climates are predicted to become warmer and drier, whereas northern regions may see increased precipitation. Environmental factors, including salinity gradients, suspended sediment, dissolved oxygen and nutrient concentrations, will be influenced by changing freshwater input and other climate variables. Potential impacts will vary depending on the geomorphology of the estuary and the level of build-up of sand bars across estuarine entrances. Changes to estuarine fish assemblages will depend on associated changes to salinity and estuarine-mouth morphology. Marine migrants may be severely affected by closure of estuarine mouths, depending on whether species 'must' use estuarine habitat and the level of migratory v. resident individuals. Depending on how fish in coastal waters locate estuaries, there may be reduced cues associated with estuarine mouths, particularly in southern Australia, potentially influencing abundance. In summary, climate change is expected to have major consequences for Australian estuaries and associated fish, although the nature of impacts will show significant regional variation.
Introduction
Estuaries are critical transition zones linking land, freshwater and marine habitats, and are spatially and temporally complex because of mixing of saltwater and freshwater. They are also highly productive systems utilised by a range of organisms (see Beck et al. 2001) . Despite their ecological significance, estuaries are also some of the most anthropogenically degraded habitats on Earth (Edgar et al. 2000; Blaber 2002) . Numerous definitions of an estuary exist, most of which have been derived from a northern hemisphere perspective (Potter et al. 2010) . Recently, a definition that encompasses the main characteristics of all estuaries was proposed, as follows: 'an estuary is a partially enclosed coastal body of water that is either permanently or periodically open to the sea and which receives at least periodic discharge from a river(s), and thus, while its salinity is typically less than that of natural sea water and varies temporally and along its length, it can become hypersaline in regions when evaporative water loss is high and freshwater and tidal inputs are negligible ' (Potter et al. 2010: 499) . This definition is strongly applicable to Australian estuaries where freshwater input can be reduced, particularly during summer, and where their entrances to the ocean may be permanently, periodically, intermittently or occasionally open.
Estuaries are geologically young; however, they are complex, dynamic and variable environments changing with input of sediment from land and sea (Roy et al. 2001) . There have been multiple phases of excavation and infilling over tens of millions of years (Roy et al. 2001) . Superimposed on these changes are potential impacts from changing climate. Major impacts include changes in hydrology; for example, freshwater inflows from both surface-and groundwater sources are expected to change substantially, because these flows depend primarily on precipitation, evapotranspiration and the ability of the ground to store water. Moreover, changes in sea level will affect the extent of the marine influence on these systems.
Australia lies in the mid-latitude high-pressure belt of the southern hemisphere and, therefore, its climate is dominated by eastward-moving anticyclonic cells with a low moisture content (Nix 1981) . Australia yields the world's lowest percentage of rainfall as continental runoff (mean of 12% for Australia cf. 33% for North America) (Arthington and Pusey 2003) . Rainfall and runoff in Australia are also spatially and temporally more variable than on any other continent (Arthington and Pusey 2003) . Spatially, the greatest proportion of total runoff occurs in the northern and north-eastern coastal areas (Arthington and Pusey 2003) .
Australia has a diverse array of estuaries influenced by coastal wave action, the movement of tides and river flow. The position of estuaries along a coast is ultimately dictated by topography and sea level (Kench 1999) , whereas the relative strength of the key physical energy sources dictates the form of the estuary. Because climate will influence the key physical energy sources, different types of estuaries may be differentially affected. Estuarine form then influences water flow, nutrient cycling and ecosystem processes within the estuary (Turner et al. 2004) . Six to seven main types of estuary are found in Australia, depending on whether drowned river valleys and embayments are included (Table 1) . In general, wave-dominated estuaries predominate in southern Australia and tide-dominated systems are common in northern Australia, where they grade into deltas with increasing sediment input (Heap et al. 2004) .
Considerable research has focussed on the fish species utilising estuaries, as well as their seasonal and spatial variation. Although estuaries support resident species, many other species utilise estuaries during juvenile development, or for migration routes and refuge areas (Elliott et al. 2007) . Guilds or groups of species can be categorised on the basis of, for example, estuarine use, feeding and/or reproductive mode. Here, we use the functional groups of estuarine use proposed by Elliott et al. (2007) . The range of functional groups encompasses the different groups of fish found in estuaries and their links with either fresh or marine waters (Elliott et al. 2007) . Briefly, the following 10 categories of fish that use estuaries are recognised: freshwater stragglers and migrants, marine stragglers and migrants (the latter of which are divided into marine estuarine-opportunist and marine estuarine-dependent species), estuarine species (further divided into estuarine residents and migrants) and five categories of diadromous fish (anadromous, semi-anadromous, catadromous, semi-catadromous and amphidromous) (see Elliott et al. 2007 for definitions) . Given the differences among these functional groups in their environmental uses and tolerances, climate change is likely to have differential impacts on these different groups of fish.
In the present paper, we review the potential impacts of climate change on estuaries and fish utilising estuarine waters, with a focus on Australia. We investigate climatic and hydrological processes that may affect Australian estuaries, before discussing likely changes to their environmental features and entrance structures. Potential impacts on fish species and assemblages utilising estuaries are then discussed. We provide several case studies that illustrate some of the potential differences associated with different regions and types of estuaries, and acknowledge that climate is not the only variable likely to have an impact on these systems. We do not discuss potential climate impacts on offshore systems from estuarine material. For example, material exported from estuaries may subsidise coastal food webs (e.g. Connolly et al. 2009) , and freshwater discharge from estuarine plumes may stimulate phytoplankton and subsequently zooplankton assemblages and fisheries offshore (e.g. Schlacher et al. 2008) .
Future scenarios of climate change in estuaries
Climatic and hydrologic processes affecting Australian estuaries Estuaries are likely to be affected by several interacting climatic and hydrologic (including flow) variables that influence both freshwater and marine systems (see Lough et al. 2011 for details) . These include the quality and quantity of riverine and groundwater flow, air-water fluxes of CO 2 , air and thus water temperatures, momentum (i.e. wind stress) and fluctuations in sea level and other ocean properties (Najjar et al. 2010 ). An understanding of how these variables may affect estuarine waters will allow the impacts of climate change on estuaries and their assemblages to be assessed (Table 2) .
Climate models generally provide plausible estimates of change at continental scales, although there is greater confidence in temperature than precipitation (Randall et al. 2007 ). On the basis of such models, it was predicted that all of Australia was likely to warm this century, although the warming would be less in the south, especially in winter (Christensen et al. 2007 ). Further, it was predicted that precipitation would be likely to decrease in southern Australia (Christensen et al. 2007; Perkins and Pitman 2009) , and increase over northern and central Australia (Perkins and Pitman 2009 ). However, downscaling anticipated changes in climate from continental-and regional-scale models to those that may be applicable to specific estuaries is more challenging, although necessary (but see Timbal et al. 2009) .
Predictions suggest that atmospheric concentrations of CO 2 will continue to increase throughout the 21st century, although there is a lot of uncertainty about CO 2 trajectories because they depend on the actions of nations around the world, and there is a paucity of information on future CO 2 emissions (Najjar et al. 2010) . Surface-water CO 2 changes will lead to a decrease in pH and carbonate-ion concentrations (Orr et al. 2005; Najjar et al. 2010) . Research on pH changes has focussed on marine systems, although, recently, Mosley et al. (2010) developed an estuarineequilibrium model using the composition of the river and seawater end members to model pH across salinities (see also Hunter 2007) . Using this model, pH initially declined at low salinities (,2), then increased rapidly, before stabilising at higher salinities (.15) (Mosley et al. 2010) .
Inputs of CO 2 to estuaries may differ between river-and marine-dominated systems (Jiang et al. 2008; Hunt et al. 2011) . In river-dominated estuaries, freshwater runoff from land may be an important source of dissolved CO 2 . In such estuaries, the relative importance of the riverine and estuarine zones to CO 2 Vegetation more temporally dynamic owing to increased sand movement; changes to the extent of seagrass, mangrove and saltmarsh habitat; increased connectivity between estuary and coastal waters levels may be a function of the water-residence time in the estuary and river discharge rates (Borges et al. 2006) . Inputs of nutrients and organic matter from rivers may also influence concentrations of dissolved CO 2 (Feely et al. 2010) . In contrast, the air-water CO 2 fluxes in marine-dominated estuaries are likely to be considerably lower than those in river-dominated estuaries (Ortega et al. 2005; Jiang et al. 2008) . The air-water CO 2 fluxes also depend on salinity, such that brackish (,20) zones of the estuary may act as a source of CO 2 to the atmosphere, whereas more saline zones (.30) may act as a sink (Ortega et al. 2005) . We are not aware of studies of air-water CO 2 fluxes in Australian estuaries. Australian estuaries are generally small by global scales (e.g. in comparison to Chesapeake Bay and Puget Sound, USA); therefore, research from other countries may not be applicable to our systems. For a regional understanding of CO 2 fluxes and given the diversity of estuarine types and climates in Australia, further research is needed. Australia's air temperatures over land and oceans have already increased and this warming is faster than the global average (Lough et al. 2011) . There are modelled records of daily maximum and minimum air temperature, including daily and monthly averages at spatial resolutions of 0.058 Â 0.058 (,5 km Â 5 km) (Jones et al. 2009 ), but few long-term data for estuarine water temperatures. Estuarine waters are expected to warm; such warming may be further accelerated in Australian estuaries because many are shallow (exceptions include the central coast of New South Wales and some parts of Tasmania) and small in water area.
Precipitation influences potential runoff and therefore the input of freshwater to estuarine environments. Besides the amount of precipitation, the intensity (annual mean precipitation divided by the number of days with rain) is also important, particularly where there is high inter-annual rainfall variability. Trends in rainfall suggest drying in areas of southern Australia where rainfall tends to arise from mid-latitude westerlies (southwest of Western Australia, western Tasmania, highlands of Victoria and New South Wales) (Jones et al. 2009 ). Most northern Australian estuaries are characterised by a tropical wet-dry climate with marked seasonality, with most rainfall (and flow) occurring over a few months of the year. There is high rainfall and flow variability between years and usually some intermittency during the dry season (Warfe et al. 2011) .
River flow will be driven by water abstraction and precipitation, and influenced by evapotranspiration. Evapotranspiration will be affected by air temperature, CO 2 changes, net radiation, vapour pressure and wind speed, all of which may change with changing climate (Donohue et al. 2010) . Other factors that may influence river flow include changes in catchment vegetation or other land cover, groundwater recharge and freshwater abstraction. Reduced freshwater inflow is likely to have a negative impact on water quality, particularly for intermittently closed estuaries (Nicholson et al. 2008) , and may lead to development of hypersaline conditions. Nutrient and detrital input may also change with flow, which may alter ecological functioning of estuarine areas (see below).
Sea level is expected to rise and directly affect shorelines and cause flooding. Not only will the mean sea level be affected, but also the intensity of extreme sea-level events (e.g. tropical cyclones and mid-latitude storms) (Church et al. 2006) . Storm surges and severe wave conditions will lead to increased coastal erosion and flooding (Church et al. 2006 ). Estimates of sea-level rise are generally based on tide-gauge data, for which long-term datasets are lacking for most of Australia (Church et al. 2006) . These data suggest that the rate of sea-level rise around Australia is ,1.2 mm per year (Church et al. 2006) . Within estuarine systems, the impact of sea-level rise is likely to vary depending on the magnitude and frequency of offshore waves, water depth, the morphology of the estuary and coastline topography (Zhong et al. 2008) . Both tides and winds will contribute to sea-level fluctuations within estuaries (Zhong et al. 2008) . These factors, along with increased evaporation within estuaries and altered freshwater-flow regimes, make it difficult to determine whether changes in sea level as a result of climate change have occurred in individual estuaries (see also Lough et al. 2011) . If sea level does increase in estuarine areas, then critical habitat for some species may be lost, especially where coastal development prevents landward migration of habitat-forming vegetation, such as mangrove and saltmarsh (Drinkwater et al. 2010) .
The dynamic nature of estuarine systems complicates predictions of climatic impacts on estuaries, especially given the lack of time-series data for many variables. Overall, changes to dissolved-CO 2 concentrations, temperature, precipitation and sea level associated with climate change will affect the circulation, levels of salinity, suspended sediments, dissolved oxygen and biogeochemistry of estuaries ( Fig. 1 ).
Changes to environmental factors within estuaries Impacts of climate change on estuarine circulation are likely to be based on changes to water temperature, salinity and flow, which will affect the stratification of the water column ( Fig. 1) . We are not aware of any studies that consider the long-term impact of climate change on estuarine circulation in Australia.
Well defined salinity gradients characterise many estuaries where salinity is low near the river mouth, increasing to seawater salinity near the connection to the sea or beyond the estuarine plume ('positive estuaries'). In addition, the waters may also be vertically stratified, with the surface salinity lower than the bottom salinity (see fig. 6 in Gillanders and Kingsford 2002) . Variations in estuarine salinity are generally linked to freshwater input. In areas where precipitation and freshwater input are likely to decrease and evaporation is likely to increase with climate change, estuarine salinity may increase and produce 'negative estuaries'. Australia already has several large negative or inverse estuaries (e.g. Shark Bay, Western Austarlia (Burling et al. 1999) ; Gulf St Vincent, South Australia (Samarasinghe and Lennon 1987; Samarasinghe et al. 2003) ; Spencer Gulf, South Australia (Nunes and Lennon 1986) ) and several smaller ones (e.g. small estuaries in South Australia and Western Australia; dry tropical estuaries of Queensland, wetland pools of the dry tropical-subtropical zone (Sheaves et al. 2007; Sheaves and Johnston 2009) ). In South Australia, about onethird of the 33 estuaries sampled by B. M. Gillanders and T. S. Elsdon (unpubl. data) showed inverse salinity gradients during summer when precipitation and freshwater input declined relative to winter. The classic example of extreme inverse salinity gradients with reduced freshwater input is the Coorong estuary (see below).
In areas of Australia with a Mediterranean climate (areas of south-western West Australia and South Australia, Klausmeyer and Shaw 2009), increased numbers of estuaries are likely to become inverse, and for longer periods of time. Recent studies have also suggested that Hervey Bay (Queensland) has inverse salinity throughout most of the year and that such conditions may persist with drought (Ribbe 2006; Gräwe et al. 2010) . Inverse salinity in northern Australia is likely only during the dry season and will depend on rainfall changes associated with climate change. Effects of changes in salinity on primary production are linked to freshwater input and the level of nutrients, as well as whether the water column is stratified and therefore phytoplankton retained in estuaries (Mallin et al. 1993; Snow et al. 2000) . Maximum phytoplankton (as measured via Chlorophyll a) is generally found under low-salinity conditions (Malone et al. 1988; Mallin et al. 1993) .
Suspended sediment in estuaries is controlled by several factors that are sensitive to climate, including freshwater input through stream flow, shoreline erosion, in situ biological production and decomposition, resuspension of particulate matter, advection and mixing, and rate of sedimentation (Najjar et al. 2010) . Estuaries receiving considerable freshwater inputs or large flooding events, such as those in tropical regions, may be expected to have more suspended sediment. This greater sedimentation may increase light attenuation, and in turn limit primary productivity of seagrasses and benthic and pelagic algae. Contrary to this, temperate estuaries that experience drought conditions and longer periods of low flows may have reduced sedimentation. Consequently, these estuaries may experience increases in photic depth and enhanced growth of photosynthetic algae and seagrasses.
Low dissolved oxygen (,2.0 mL L À1 oxygen) or hypoxia can occur naturally where there is low water flow or limited water-atmosphere gas exchange and can also be exacerbated by vertical stratification of the water column because mixing will be inhibited (Hassell et al. 2008a) . Several variables influenced by climate change, including reduced river flow and increased temperatures, may lead directly to increased frequency of hypoxia. There are also likely to be indirect effects; for example, increased temperatures may increase nutrient recycling and phytoplankton production and deposition (Justic et al. 2007) . Similarly, increased nutrient concentrations via increased freshwater inputs may increase the frequency and distribution of hypoxic conditions (Justic et al. 2007) . These examples demonstrate the complexity of links between climate and hypoxia in estuarine waters (Fig. 1) .
Predicting how climate variability influences estuarine eutrophication and thereby hypoxia is challenging and likely to vary from one system to another (Justic et al. 2005) . Opposite responses were predicted for two river-dominated systems in North America, namely the northern Gulf of Mexico and the Hudson River estuary (Justic et al. 2005) . Increased freshwater flow stimulated phytoplankton growth, thereby increasing eutrophication in the northern Gulf of Mexico, whereas it decreased water residence time in the Hudson River estuary, leading to reduced phytoplankton growth and a less eutrophic system (Justic et al. 2007) . In seasonally open estuaries where there is low flow relative to coastal wave energy and stratification of the water column, hypoxic conditions may occur in deeper waters (Nicholson et al. 2008) . Artificial opening of these estuaries may exacerbate the extent and severity of hypoxic conditions because the surface waters flow out to sea, leaving behind hypoxic deeper waters (Becker et al. 2009 ). However, deeper, hypoxic water may also be flushed out if the opening is large enough.
Nutrients in estuaries are derived from natural (e.g. upwelling, litter fall, storm events, weathering) and anthropogenic (e.g. sewage outfalls, leaching of nitrogen and phosphorus from cleared land, fertiliser runoff, industrial and agricultural effluents) sources. Estuaries are important for the processing of nutrients, with the degree of nutrient modification being largely dependent on estuarine flushing time (Eyre and Twigg 1997) . Flushing time is regulated by river discharge and tidal movements. Hence, climate change may have an impact not only on nutrients coming into the estuary, but also on the length of time they remain within the estuary. A recent study (Abrantes and Sheaves 2010) provided evidence to suggest that the importance of autochthonous and allochthonous sources of productivity for fish may change with climate change. Abrantes and Sheaves (2010) found that the importance of autochthonous and allochthonous productivity sources changed between preand post-wet seasons, such that there was a greater reliance on terrestrial carbon after the wet season, in an intermittently connected estuary of the Australian dry tropics. Therefore, reduced runoff into estuaries may lead to a greater reliance on non-terrestrial sources of carbon in food webs. Nutrients and light are the two key factors controlling phytoplankton growth (Eyre 2000) . Phytoplankton biomass and productivity, timing and intensity of seasonal blooms and spatial and temporal composition and diversity are all also linked to freshwater inflow (Schlacher et al. 2008) . The abundance, distribution and assemblage structure of zooplankton and other organisms are in turn influenced by the characteristics of phytoplankton assemblages (Schlacher et al. 2008; Brown et al. 2010) . The distribution and abundance of primary production in oceanic systems has already been linked to climate change, leading to changes in higher trophic levels (Richardson and Schoeman 2004; Beaugrand et al. 2008) . Thus, indirect effects on estuarine food webs are likely. Brown et al. (2010) simulated the effects of changes in primary production on marine ecosystems in Australia, including several bays and harbours (e.g. Darwin Harbour, Port Phillip Bay). In general, climate change results in increased primary production in Australian marine ecosystems and is likely to benefit fisheries (Brown et al. 2010) . A recent study, however, suggested that drought may lead to reduced phytoplankton productivity and a reduction in food availability for higher trophic levels (Wetz et al. 2011 ).
Changes to entrance structure Geomorphology of estuaries is affected by river discharge and the extent of marine influence, both of which will be affected by climate change and variability. Drowned river valleys and embayments typically have open entrances and climate-change impacts to such estuaries are likely to affect, among other influences, the size of the offshore estuarine plume. Wavedominated estuaries and deltas often have sand bars that form barriers across the entrance that may completely close and have variable opening regimes (Rustomji 2007) . Under reduced rainfall conditions, particularly in southern Australia, these sand bars may occur for longer periods of time, although inundation from the seaward side from high seas and storm surges may also influence mouth opening (Rustomji 2007) . Both sand-bar formation and storm surges are likely to increase erosion at the estuary mouth and vegetation changes may be more temporally dynamic as a result of reduced sand stability. Because the geomorphology of estuaries also influences their flushing times (residence period), hydrological processes within estuaries may be further influenced by climate change.
Effects on fish species and assemblages
Estuarine fish assemblages show considerable spatial and temporal variability. Within an estuary, environmental parameters (e.g. salinity, temperature, turbidity and dissolved oxygen) may influence ecological patterns, whereas among-estuary patterns will also be affected by estuary-mouth configuration, estuarine water area, latitude and catchment-area hydrology (Nicolas et al. 2010) . Considerable research has focussed on modelling species-environment relationships (reviews in Guisan and Zimmermann 2000; Austin 2007) . A vast array of approaches is possible and Austin (2007) suggested that quantile regression (see below), and structural equation modelling are worth exploring further. A further approach was provided by who used boosted regression trees to link freshwater fish distributions to hydro-climatic and catchment predictors. These modelling approaches allow the consequences of environmental change on fish faunas to be explored.
Fish population dynamics (e.g. recruitment, growth, survival, abundance) and reproduction (e.g. maturity, fecundity, spawning) are influenced by a range of environmental factors (e.g. temperature, salinity, dissolved oxygen) that are highly likely to be affected by climate change (Table 2) . In some cases, mobile fish and/or older life-history stages may be able to migrate away from adverse conditions; however, in other cases, this may not be possible. Here, we investigate the potential impacts of individual climatic variables on fish in estuaries, and note that multiple factors will interact with each other. For example, mortality of fish may be higher in hot, hypoxic conditions. Synergistic effects and complex interactions of climatic variables have rarely been examined for estuarine fish; however, see Munday et al. (2009a) and Donelson et al. (2010) for examples of coral-reef fish. In addition, changing environmental and hydrological factors will also affect habitats and food sources within estuaries, which are likely to have a range of indirect impacts on estuarine fish.
Salinity and freshwater-flow impacts on estuarine fish
Salinity is an important determinant of the distribution of fish, and the guild approach to categorising estuarine use by fish relates to salinity tolerances of species (Elliott et al. 2007) . Salinity affects the metabolism of fish through influences on osmoregulation and oxygen consumption. Extremes and rapid changes in salinity can stress many species. The osmoregulatory ability of Australian estuarine fish over a wide salinity range has rarely been investigated. Wedderburn et al. (2008) compared osmoregulation of three atherinids, including the estuarine small-mouth hardyhead, Atherinosoma microstoma, and found that all were euryhaline. The small-mouth hardyhead was able to tolerate hypersaline conditions (85); laboratory tests have also found wide salinity tolerances for this species (LD 50 3.3-108; Lui 1969) . Similarly, another species in this genus, namely A. elongata, has been shown to be relatively abundant in salinities of 122 in the normally closed Wellstead estuary along the southern coast of Western Australia (Young and Potter 2002) . Moreover, the progressive increase in salinity towards this extremely high salinity was accompanied by mortalities of other estuarine-spawning fish species, including the atherinid Leptatherina wallacei (Young and Potter 2002) .
Studies of the spatial distribution of estuarine fish species in relation to salinity may indicate how different species will respond to changes in salinity, although other environmental and biological variables (e.g. reproduction, recruitment) may also influence their distribution and abundance, particularly in subtropical and tropical regions (Blaber 2002) . Quantile regression models, which model the upper quantile rather than the mean (Anderson 2008) , can indicate where the predicted density of fish achieves a maximum along a salinity gradient, thereby showing the optimum salinity for particular species. For example, such models clearly demonstrate the wide salinity range for small-mouth hardyhead, and the narrower range for several other species in estuaries in South Australia (Fig. 2) .
Extreme increases in salinity have led to massive mortalities. For example, during 2001, an estimated 1.3 million black bream (A. butcheri) individuals died in the normally closed Culham Inlet along the southern coast of Western Australia (Hoeksema et al. 2006) . Salinities increased to .60, which is where this species becomes osmotically stressed, and reached levels of at least 95 in some regions (Hoeksema et al. 2006 ). Black bream was prevented from moving to lower salinity waters further upstream by a rock bar in the tributary (Hoeksema et al. 2006) .
Estuarine species occur in waters that vary daily and seasonally in salinity. These species are generally able to tolerate a wide range of salinities, although diadromous species also show wide salinity tolerances (Nordlie 2009 ). In contrast, stragglers are restricted to either the freshwater or seawater end of the salinity continuum and are typically found in low numbers (Elliott et al. 2007) . Marine stragglers may increase in abundance in estuaries where there is reduced freshwater input and increases in salinity (southern Australia), whereas freshwater stragglers are likely to increase in abundance in estuaries where there is increased freshwater input and decreases in salinity (northern Australia). Freshwater migrants are regularly common in estuaries (Elliott et al. 2007 ). Although they may be found beyond the oligohaline sections of an estuary, their distribution under future climate-change scenarios is likely to depend on the amount of freshwater flow into the estuary. Morrongiello et al. (2011a) provided further information on likely impacts of climate change on Australian freshwater fish species. The extent of connectivity between marine and freshwater systems will also influence the proportion of fish that are spawned in freshwater v. marine systems and found in estuaries (see Sheaves et al. 2007; Sheaves and Johnston 2008) .
Increases in salinity have led to reduced species richness and diversity of estuarine fish assemblages, with freshwater and diadromous species becoming less abundant (Zampatti et al. 2010) . In extreme cases of hypersalinity, only a single atherinid species was found (Noell et al. 2009 ). There is also the possibility of an increase in estuarine fish assemblages (number of species and abundances) if conditions do not become hypersaline and the estuary maintains a connection with the sea. Many species move throughout the estuary in response to changes in salinity, associated with changes in factors such as freshwater discharge or tidal water movements. For example, acoustically tagged black bream in a small estuary on the eastern coast of Tasmania moved downstream with increases in freshwater discharge and returned upstream when salinities increased (Sakabe and Lyle 2010) .
Decreased freshwater flows under climate change not only increase salinity but may also decrease water-column stratification or the difference between the surface and bottom salinity. Jenkins et al. (2010) found a consistent linear relationship between water-column stratification and recruitment of black bream in the Gippsland Lakes, Victoria. They suggested that there may be higher recruitment when waters were stratified if stratification provides a cue for spawning or supports higher survival of eggs or larvae.
Several studies have investigated relationships between river flow and catch of fish species in Australian estuaries, suggesting that increased freshwater enhances productivity (e.g. Loneragan and Bunn 1999; Meynecke et al. 2006; Gillson et al. 2009 ). Relationships with fish recruitment have also been found for tropical (e.g. Staunton-Smith et al. 2004; Halliday et al. 2008) and temperate estuaries (e.g. Ferguson et al. 2008; Jenkins et al. 2010; Zampatti et al. 2010) , although these were not always linear. Decreased fish production and/or recruitment from reduced freshwater flow may be attributable to reduced food availability (and reduced growth rates at higher trophic levels, see below), deteriorating water quality, seaward migration of estuarine residents (e.g. Sakabe and Lyle 2010), increasing predation pressure from marine species or altered habitat availability Robins et al. 2005; Gillson et al. 2009 ). Although there may be a relationship between river flow and salinity in the estuary, river flow is also likely to affect other variables within the estuary; therefore, determining causal factors is difficult. Several reviews Robins et al. 2005) have examined the influence of freshwater flow on estuarine systems in Australia.
Relationships between freshwater flows and growth of fish have also been found (Robins et al. 2006) . Hard parts of fish, such as otoliths, provide an opportunity to investigate climategrowth relationships. Analysis of annually formed growth increments in otoliths provides a lifetime record of fish growth, similar to that of tree rings. If climate variables fluctuate through time, this then influences the width of growth increments of fish and allows inferences to be drawn between growth rates and environmental conditions. Numerous freshwater (see Morrongiello et al. 2011b for an Australian example) and marine (e.g. Thresher et al. 2007; Black et al. 2008; Black 2009 ) examples can be found; however, such techniques have not been widely applied to estuarine fish, especially in Australian waters.
Temperature impacts on estuarine fish
Warming of estuarine waters will have less of an influence on guilds of estuarine fish than do salinity or freshwater flow, and will affect tropical and temperate species differentially, depending on whether they are at extremes of their distribution and temperature tolerance. Tolerance ranges will, for example, vary with latitude (Pörtner and Peck 2010) . Species near the upper limits of thermal tolerance will show impaired growth, foraging, immune competence, behaviours and competitiveness (Pörtner and Farrell 2008) . The tolerable thermal window of fish may also show ontogenetic shifts. For example, eggs, larvae and spawning adults may have narrow thermal windows because of developmental constraints or the need to provide oxygen to sperm or egg masses, respectively (Najjar et al. 2010; Pörtner and Peck 2010) . Because eggs and larvae are generally most sensitive to environmental conditions, climate change may affect distribution and abundance of fish through recruitment (Nicholson et al. 2008; Pörtner and Peck 2010) . Recruitment may also be influenced through impacts on adult reproductive performance (Pörtner and Peck 2010) .
Increased temperature may also have positive impacts, especially for species within their tolerance limits. If individuals grow faster, they may gain survival advantages through reduced susceptibility to predation at early life-history stages (Drinkwater et al. 2010) . Species that utilise estuaries as juvenile habitat (marine migrants) may show increased growth with warmer temperatures, leading to earlier migration of such fish out of the estuary. These potential benefits may depend on whether temperature also influences swimming speed and activity rates (Drinkwater et al. 2010 ) and whether there is sufficient food, because higher temperatures will raise metabolic rates.
Range expansions or contractions of fish species will see some species extend or reduce their use of estuarine waters. Changes to distribution are likely to be most clearly found at the southern or northern boundaries of the species geographic range (see examples in Last et al. 2011) . The geographic range of estuarine species will also be affected by factors influencing connectivity between estuarine and marine waters (e.g. estuarine mouth closure) (Gillanders et al. 2012) . Most studies in Australian waters have focussed on future predictions rather than demonstrating definitive evidence of a shift in range (Booth et al. 2011) . Detecting range shifts for estuarine species is especially difficult, given the dynamic environment that such fish occupy (Booth et al. 2011) .
Dissolved-oxygen impacts on estuarine fish
Dissolved oxygen in estuarine systems will be influenced through climate-related impacts on river flow and temperature, which subsequently affect salinity, nutrient concentrations and phytoplankton (Fig. 1) , making the actual changes difficult to predict (see above). Other factors can co-vary with and sometimes counteract or exacerbate effects of low dissolved oxygen (Rose et al. 2009 ). Interactive effects between temperature and salinity may intensify the effects of low dissolved oxygen and thereby negatively affect fish assemblages. Population-level effects of hypoxia have been estimated from laboratory experiments, localised effects in nature and fish kills (Rose et al. 2009 ). Because fish are mobile, they may move from areas of low dissolved oxygen; however, if climate change leads to whole estuaries becoming hypoxic, then increases in fish mortality events may be expected.
Low concentrations of dissolved oxygen will affect fish growth, mortality, distribution and abundance, as well as food-web interactions of a range of organisms including fish. Differential effects on different life-history stages are also expected, such that early life-history stages will be most sensitive to reduced oxygen (Levin et al. 2009 ). Laboratory studies on black bream found deleterious effects of reduced oxygen, including delayed hatching, reduced hatch rates and survival and increased deformities of larvae in moderately hypoxic conditions (Hassell et al. 2008a (Hassell et al. , 2008b . Reduced recruitment and lowered abundance is therefore likely under hypoxic conditions (Hassell et al. 2008a) . Reduced flushing of estuaries because of reduced freshwater input may mean that 'old' deoxygenated water is not replaced with 'fresh' marine water, thereby providing lower-quality conditions and affecting spawning success (e.g. black bream; Nicholson et al. 2008; Sakabe and Lyle 2010) .
Impacts of elevated CO 2 on estuarine fish
Marine organisms may be affected by elevated partial pressure of CO 2 (pCO 2 ) through impacts on metabolic physiology and calcification rates (Fabry et al. 2008) . Few studies have investigated potential impacts of elevated pCO 2 on estuarine organisms and these have generally been limited to calcifying organisms (Miller et al. 2009; Parker et al. 2009 Parker et al. , 2010 . Despite this, estuarine environments may be more susceptible to reduced pH because they are shallower, less saline and have lower alkalinity than do marine waters (Miller et al. 2009 ). They are also likely to have additional sources of CO 2 such as via freshwater input (Miller et al. 2009 ).
Fish possess calcium-carbonate otoliths that aid in balance and hearing. Potential impacts of elevated pCO 2 may depend on whether fish can regulate the acid-base balance in the endolymph surrounding the otoliths and other tissues (Fabry et al. 2008) . Several studies have suggested that fish may be able to regulate the acid-base balance better than do invertebrates and thereby be less affected by enhanced CO 2 alone (Munday et al. 2009c) . Whether this prediction applies to estuarine fish is unknown. However, elevated CO 2 may affect behaviour of fish, including sensory ability, thereby having consequences for replenishment and sustainability of populations (Munday et al. 2009b Dixson et al. 2010) . No research has investigated whether the sensory abilities of estuarine fish will be affected by elevated CO 2 , but given that fish are likely to use olfactory cues to find estuaries (see below), this is possible.
Acidification of estuarine waters currently occurs near acidsulfate soils, severely reducing the pH for periods of time (Sammut et al. 1996) and leading to increased mortality and reduced growth of oysters (Dove and Sammut 2007) , as well as fish. Rainfall is important in mobilising acidified water into estuaries. Reduction in the pH of estuarine waters through acidification has been widely studied, and the severity of pH reduction (e.g. pH ,3.5) is much greater than that expected under climate-change scenarios (0.5 change in pH).
Indirect effects of elevated CO 2 on estuarine fish are likely to occur through the effects on prey. Many estuarine fish feed on a variety of prey with calcified structures (e.g. crustaceans, molluscs) at some stage in their life history (Gillanders 1995; Sanchez-Jerez et al. 2002) . Potential impacts on early life history and reproductive stages of marine calcifiers may affect population size, with flow-on effects to food-web interactions (Kurihara 2008 ).
Changes to entrance-channel openings and access for species using estuaries Marine migrants include species that typically spawn at sea, but are found in large numbers in estuaries, particularly as juveniles (Elliott et al. 2007 ). These species often show seasonal changes in abundance through immigration or emigration, or associated with changing environmental conditions (e.g. changes in salinity). Marine migrants may be severely affected by closure of estuarine mouths because, depending on the timing and duration of estuarine closure, they may be unable to move from estuaries to the ocean to spawn or from the ocean to use estuaries for juvenile or nursery habitats. The longer the estuary mouth is open to the sea, the more likely marine species are able to enter (Griffiths 2001) . There is, however, increasing recognition that not all individuals in a population may need to migrate to complete their life cycles (e.g. Elsdon and Gillanders 2005; Crook et al. 2008) . Climate change may see increases in resident individuals within a population, especially if the benefits of remaining in estuarine waters outweigh those of migrating. To determine which marine migrant species are most likely affected by closure of estuarine mouths, it is important to ascertain which species 'must' use estuarine habitats v. those which 'may' use estuarine habitats (Elliott et al. 2007) .
Estuaries also act as a migratory route for diadromous species, which move either between freshwater and marine waters or between marine waters and freshwaters (McDowall 1988) . These movements are mostly linked to reproductive activities (Elliott et al. 2007 ). The closure of estuarine mouth will have an impact on diadromous species similar to that on marine and estuarine migrants. Because diadromous species rely on fresh, estuarine and marine waters, they face an uncertain future because each of these waters will experience a range of threats associated with climate change (Morrongiello et al. 2011a) . Ultimately, whether migratory species can move between environments may depend on their energetic condition. This is likely to be influenced by transit time, metabolic rate and how non-energetic factors (e.g. disease, stress) interact (Rand et al. 2006) .
Several studies have investigated fish assemblages in intermittently and permanently open estuaries (e.g. Pollard 1994; Jones and West 2005) . Permanently open estuaries generally have more species (Pollard 1994) , suggesting that if estuarine mouths close more frequently under climate-change scenarios, then there may be reductions in their number of species.
Case studies
The geographic spread of Australia and its climate regimes provides an opportunity to compare case studies of the likely impacts of climate change on fish that utilise estuaries across a variety of estuarine types and climates. Mediterranean-type ecosystems characterised by cool, wet winters and hot, dry summers are projected to be most affected by climate change (Klausmeyer and Shaw 2009; Yates et al. 2010) . These areas occur in southern and south-western Australia where climates are predicted to be warmer and drier (CSIRO 2007) . Australia has both wet and dry tropics in its northern regions, and in these areas, altered rainfall and river flow are predicted to occur. The strength of the wet season is likely to influence freshwater flow to estuaries and thereby affect fish populations. Below, we consider how climate change may affect several estuaries across Australia.
Temperate estuaries
The Coorong is the terminal estuary of Australia's largest river system, the Murray-Darling. This estuary extends 110 km south-east from the Murray Mouth and is divided into North and South Lagoons. A series of barrages, constructed between 1935 and 1940 separate the Coorong from freshwater reaches of the River Murray. It is a Ramsar-listed wetland, important for many waterbirds and native fish. A decade-long drought and continued upstream water diversion provide an opportunity to examine how reduced freshwater input affects this system, and thus how these impacts may be exacerbated under future climate change (Chiew et al. 2009 ).
Runoff across the Murray-Darling Basin is predicted to decline by 15% in the southern regions by 2030 (Kingsford et al. 2011) . Mean modelled flow at the barrages is currently a fraction of that under a scenario of no river regulation and abstraction (termed 'natural') and is more similar to dry years under the 'natural' scenario (Kingsford et al. 2011 ). There was a 34% decline in runoff between (Lester and Fairweather 2009 ) and streamflow has been reduced by 61% between 1895 and 2006 (Kingsford et al. 2011) . Low flows have led to the closure of the Murray Mouth, which first occurred in 1981. The Murray Mouth has been continually dredged since 2002, but dredging stopped in 2011 (Kingsford et al. 2011) . Environmental conditions extend from estuarine-marine (a salinity of 30-43) around the Murray Mouth in the north to extremely hypersaline in the South Lagoon (a salinity of up to ,160) (Lester and Fairweather 2009; Noell et al. 2009 ). Water levels have also decreased, disconnecting the South Lagoon from the rest of the system, and there have been changes in nutrient concentrations (Lester and Fairweather 2009 ).
An ecological response model developed for the Coorong, that incorporated physical and biological characteristics of the system, identified eight 'ecosystem states' reflecting marine or hypersaline states (Lester and Fairweather 2009; Fairweather and Lester 2010; Lester et al. 2011) . Two scenarios that incorporated climate change, along with two further scenarios representative of no water-resource development (apart from the barrages) and the current conditions were then investigated . Under the climate-change scenarios, water extraction had a major effect on freshwater flows into the estuary, especially during periods of low flow; salinity in the South Lagoon increased up to ,130-170% that of the currentconditions scenario, depending on flow conditions . Degraded ecosystem states occurred more frequently under one of the climate-change scenarios, but not under the climate-change scenario that incorporated an environmental water recovery .
The fish species richness decreases with increasing salinity, declining from 26 species near the Murray Mouth to 13 in the North Lagoon and just a single species (Atherinosoma microstoma) in the hypersaline regions of South Lagoon (Noell et al. 2009) . No fish are found in the most hypersaline regions (salinity of .133.5). Closure of the Murray Mouth and subsequent loss of ocean connectivity will affect not only diadromous species, but also estuarine and marine migrants. The present ecological condition of the Coorong is not just a reflection of the drought, but also includes over-allocation and diversion of water throughout the Murray-Darling Basin (Kingsford et al. 2011) . Nonetheless, this provides a stark example of the potential impacts on estuarine fish of reduced freshwater inflows as a result of climate change and anthropogenic pressures in a large, shallow, temperate estuary.
The temperate coast of southern and south-eastern Australia is dominated by small, shallow and often ephemeral estuaries, some of which may be only a few kilometres in length and ,15 km 2 in water-surface area ( Fig. 3 ; see also Roy et al. 2001; Chuwen et al. 2009 ). Many of these systems are separated from the ocean by sand bars across their entrances which vary in the frequency with which they are breached, with some remaining closed for several years (e.g. Chuwen et al. 2009 ).
In south-eastern Australia, intermittently open estuaries comprise 45% of all estuaries (Griffiths and West 1999) . These systems are likely to be greatly influenced by small changes in climate. Specifically, changes in precipitation and evaporation that may occur with a drying climate are likely to reduce available habitat, limit connectivity between the estuary and ocean, and impair water quality. In small temperate estuaries, hydrological changes may result in the estuary drying completely or becoming disconnected from freshwater and marine waters. For example, the normally closed Hamersley and Culham inlets, located in a low-rainfall region along the southern coast of Western Australia, have been shown to reach salinities of 145 and 296, respectively (Chuwen et al. 2009 ). Such impacts may affect fish recruitment, especially for species that spawn within estuaries (e.g. black bream, an estuarine resident), effectively negating inputs of recruits to the population. Impacts on fish will depend on duration, frequency and timing of opening of estuaries (Griffiths and West 1999) .
Insight into the impact of climate change on conditions within small ephemeral estuaries may be gained from examining physico-chemical properties in those systems during extensive long-term drought, when catchment runoff and associated impacts mimic conditions under climate-change scenarios. A recent drought in Australia resulted in rainfall ,20% below long-term averages from 2001 to 2007 (Australian Government Bureau of Meterology 2007). During this period, Elsdon et al. (2009) sampled water quality in several South Australian estuaries and found no differences in water quality (salinity, temperature, pH, oxygen, nutrients) among estuaries with different catchment uses, such as urban and agriculture. The conditions during drought are contrary to that when catchment runoff is high and estuaries receive different anthropogenic and natural sources of nutrients, and this may provide a glimpse of water quality expected in ephemeral estuaries under future climate-change conditions.
The Gippsland Lakes in south-eastern Australia are the country's largest lagoonal estuarine system, with the chain of lakes extending 70 km and covering an area of ,600 km 2 . The largest lakes in the system, from west to east, are Lake Wellington, Lake Victoria and Lake King. The Lakes have a low (,30 cm) tidal range, and are connected to the open ocean at the eastern end of the system by an artificial channel that was cut across the beach at Lakes Entrance in 1889. Five major rivers enter the lakes, two feeding into Lake Wellington (the Avon and Latrobe Rivers) and three feeding the central basin of Lake King (the Mitchell, Nicholson and Tambo Rivers). The catchments of these rivers drain 10% of the freshwater flows in the State of Victoria. The salinity of the Lakes is generally lowest in the west (Lake Wellington) and highest near Lakes Entrance. A major water-storage dam for Melbourne was built in the Latrobe River catchment in the early 1980s.
Historically, the Gippsland Lakes have supported an important black bream fishery that has shown a long-term cycle in annual catches, with a peak ,1970 of nearly 600 t (Jenkins et al. 2010) . Since the early 1980s, however, catches have been declining. This period has also seen declining river flows, increasing salinity and decreased stratification in the Lakes (Jenkins et al. 2010) , among other variables (e.g. habitat modification). Research suggests that black bream eggs and larvae are associated with the halocline in stratified conditions (Nicholson et al. 2008) , and the degree of stratification may be positively related to recruitment (Jenkins et al. 2010) . The decline in the bream fishery may thus relate to the contraction of stratified conditions to the tributary rivers in recent years, greatly reducing the area of potential spawning habitat for black bream. There has also been an increase in the abundance of marine stragglers in the lakes since the early 1980s, leading to switching of target species in the fishery.
There is predicted to be a decrease in freshwater runoff in south-eastern Australia under climate change (CSIRO 2007; Chiew et al. 2009) , and the drought conditions over the past decade have given a snap-shot of the possible conditions that will occur in the future. Proposals to construct additional dams on feeder rivers for human water supply, or create additional entrances to the lakes to increase marine flushing and reduce problems such as algal blooms, would exacerbate the impact of climate change on estuarine fish populations, including black bream.
Tropical Australian estuaries
The impact of climate change on tropical and subtropical estuaries will vary among regions, having differing levels of impacts on the fish species that utilise estuaries. In northern Australia, altered rainfall and river flows are suggested to be more important factors as a consequence of climate change than are increases in temperature (Hobday et al. 2008) . Reduced river flows have already occurred in eastern Australia (Gräwe et al. 2010) . The direct human use of water resources (e.g. dams and water abstraction) also reduces river flows to estuaries and places stress on estuaries additional to that of climate change (Vörösmarty et al. 2000) .
Conditions in estuaries in subtropical and tropical Australia are dominated by wet and dry seasons. The Fitzroy River estuary (Queensland) (see Staunton-Smith et al. 2004 for full description) has the largest coastal drainage basin in eastern Australia (146 000 km 2 ). Freshwater flows into this estuary have shown climatic variability that oscillates at decadal scales between wet and dry. This variability shows significant positive correlations with commercial catches of several tropical fisheries species dependent on estuaries, including barramundi (Robins et al. 2005; Balston 2009 ). Within fished populations, flow is significantly correlated with the survival of young-of-the-year barramundi, Lates calcarifer, and king threadfin, Polydactylus macrochir (Staunton-Smith et al. 2004; Halliday et al. 2008) . The timing of flows plays a critical role in fish population dynamics because it is likely that Australian estuarine species have evolved to cope with the flood-drought regime of Australian climates. Therefore, changes to the timing of important flows should not be underestimated. Flows arriving either too early or too late have little positive effect on the survival of young-of-the-year, with spring and summer flows the most beneficial for recruitment of these species.
Relationships between growth of fish and freshwater flow have also been found (e.g. Robins et al. 2006) . Analysis of tagged and recaptured barramundi from the Fitzroy River estuary showed that growth was seasonal and related to freshwater flow experienced by individuals (Robins et al. 2006) . Faster growth during higher freshwater flows may lead to increased survival of young fish and enhanced year-class strength of particular cohorts (Staunton-Smith et al. 2004; Robins et al. 2006) . The mechanism by which freshwater influences growth rates is likely to be complex, with potential changes to energy budgets being associated with osmoregulation and/or changes to trophic linkages through changes to primary and/or secondary production. Barramundi individuals that enter freshwater for at least some part of the life cycle also grow faster than those that remain solely in saltwater habitats (Milton et al. 2008) . Population modelling of barramundi that incorporates the environmental effect of flows on recruitment and growth suggests that water-resource development and water abstraction negatively influence barramundi population size, to the same degree as that modelled under the driest climatechange projection (i.e. 90th percentile) for 2050. Therefore, if all current water-licence holders abstracted their full entitlement at the present time, the barramundi population could decrease by some 30% (M. Tanimoto, unpubl. data).
As air temperatures rise, so too will the estuarine and riverine water temperatures. In the Fitzroy River estuary, minimum monthly air temperatures significantly correlate with the estuarine water temperature. This indicates that for a 28C increase in temperature in the region, water temperatures would increase by ,1.58C. This would be well below the maximum threshold for barramundi survival and would most likely increase the length of the growing season (barramundi do not feed when water temperatures get below ,248C), increasing the potential growth of the population. If, however, the timing of rainfall events changes from the current regime, then there is potential to see a disconnect between the peak spawning periods and the timing of the flow. In a worst-case scenario, this would mean that only small numbers of recruits would survive, even though average annual rainfall may not have altered.
Summary and future directions
Euryoecious species (i.e. those that have wide tolerances to several environmental variables) such as estuarine residents and marine migrants are likely to have the physiological capacity to tolerate and survive changing estuarine conditions. These fish species are presently exposed to fluctuating salinity, temperature and CO 2 in estuaries, and therefore may have the adaptive capacity to cope with changing conditions. Whether estuarine residents and marine migrants are better able to tolerate changing climate than are freshwater or marine species remains to be seen, and may depend on how environmental conditions in estuaries change.
Life-history characteristics (e.g. age at maturity, fecundity, life span and natural mortality rates) are likely to influence a species' ability to respond to climate change and recover, should populations become depleted. Basic biological and life-history information is lacking for many estuarine species. Despite this, short-lived species (e.g. some gobies) with reproductive strategies that optimise output over short periods may be able to survive in changing systems. Long-lived species that can successfully reproduce each year for many years may also be less vulnerable because there can be a storage effect in the population. Early life-history stages (eggs and larvae) are likely to be the ones most severely affected by climate change. For many species utilising estuaries, there is often insufficient information on factors affecting spawning and survival of eggs and larvae. Research has tended to focus on barramundi in subtropical and tropical regions and on black bream across southern Australia, particularly Victoria.
Estuaries represent discrete ecosystems separated by coastal waters that may differ in salinity, temperature, chemical and oceanographic properties (Gillanders et al. 2012) . For various life-history stages of fish to move among estuaries, they are essentially moving among fragmented seascapes. How species respond to climate change, especially where estuarine habitats contract, may depend on the dispersal distances of eggs and larvae and the movement capabilities of older life-history stages (assuming that estuary mouths stay open). Similarly, connectivity of populations may change under climate-change scenarios. Populations range from those that are largely self-recruiting and independent in different estuaries through to those where complete mixing occurs, producing one large panmictic population. Continued connectivity of populations will depend, at least in part, on estuarine-mouth morphology. Wave-dominated estuaries and deltas may be expected to see increased occurrences of isolated populations, especially in southern Australia. Isolation of populations has implications for fitness, local adaptation and resilience of estuarine populations (Gillanders et al. 2012) .
A recent modelling study of passive particles found that connectivity was not limited by distance among estuaries along the eastern coast of Australia, although adjacent estuaries tended to have the highest probabilities of connectivity (Roughan et al. 2011) . Biological parameters (e.g. pelagic larval duration, larval behaviour, mortality) and available habitat for settlement also need consideration in such models, but have not yet been incorporated into estuarine connectivity models (Gillanders et al. 2012) . Such models, combined with climate-change variables, may assist in determining how connectivity within and among estuaries may change.
We have not considered how estuarine habitats may change in response to climate change, or how food availability may change. Increased concentration of dissolved CO 2 may, for example, enhance growth of autotrophs (e.g. seagrasses). In addition, the response of foundation (habitat-forming) species in estuaries to increased temperature and salinity is largely unknown (Koch et al. 2007 ). Sea-level rise and storm surges may also have an impact on habitats, especially where landward migration is not possible because of development (e.g. mangroves, samphire). Ultimately, estuarine systems will not just change in relation to climate. Land use within catchments and the use and management of groundwater and surface water will all influence potential flows into estuaries and thereby affect the ecology of the system. Climate change will have an impact on estuaries; however, predicting impacts is difficult because changes will occur in freshwater and marine systems that subsequently influence estuaries. Differences are likely among different regions of Australia, as well as among different types of estuary. Few estuaries are pristine environments and other anthropogenic stressors, such as water abstraction, habitat modification, urbanisation and exploitation of resources, will interact with climaterelated variables to profoundly influence estuarine waters and associated assemblages. Long-term datasets on environmental variables in estuaries are needed. We also lack basic life-history information for many species of fish that use estuaries, making predictions of potential climate-related impacts difficult. Assemblage-level responses are also likely to depend on habitat changes and trophic interactions. Potentially compounding climate-related impacts is significant urban development, especially because most people in Australia live on or near the coast.
